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St_.£/ARY

The nature of the tunnel-boundary interference at transonic speeds

is discussed and the theory of the use of the transonic tunnel in minimizing

this interference is presented. The requirements for eliminating the lift

interference at subsonic speeds are different from those necessary for

elJ_ninating the blockage interference and some interference in model testing

must therefore be tolerated. For this reason and also because of certain

distortions of the flow field, the model size mnst be restricted. The model

size is more seriously restricted by the interference at low supersonic

speeds. The prevention of bow-shock reflection is not sufficient to assure

freedom from boundary interference and it is, in general, impractical to

remove the remaining part of the supersonic interference. In spite of these

restrictions, careful use of the transonic tunnel slgnificantly extends the

range and usefulness of wind-tunnel testing.
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INTRODUCTION

Transonic wind tunnels of the slotted-wall type have been in operation

by the NACA (now NASA) since 1950. It is therefore appropriate at this time

to attempt some evaluation of such wind tunnels and of other partly open-wall

tunnels of the porous and perforated types. The transonic test section was

originally developed as a device for obviating certain boundary interference

corrections, and its effectiveness in accomolishing this purpose is the

criterion for this evaluation.

The application of tunnel-boundary interference corrections can be quite

complex and tedious. In order to avoid such complexity and tedium, and,

even more important, to provide that simplicity of approach necessary for a

clear appreciation of the over-all status, attention is directed to the

physical ohenomena rather than to correction procedures; which, once the

interference velocities, pressures, Mach numbers, and flow angles have been

determined, can be made by methods already presented in the rather extensive

literature applying to ope_and closed tunnels.

At the expense of some care and labor in application of correctionsp

the usefulness of the transonic wind tunnel could be extended to permit the

testing of larger-than-normal models and to unusual model-tunnel configurations,

but except for a few cases (See, for instance, ref. I), the theoretical and

experimenZal investigations needed to permit such extension have not been

performed. Partly for this reason, and partly also in the interest of

simplicity, this treatment is limited to the consideration of first-order

interference effects. The evaluation is based on a combination of theoretical

indications, physical reasoning, and experimental results. Some simple

derivations have been included in the Appendix for ready reference. The



extensive reliance upon theoretical considerations is necessary in the treat-

ment of wind-tunnel interference problems because the interference is

essentially second-order relative to most test measurements that can be made

and is at best difficult to determine with adequate accuracy from experimental

investigations.
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THE_NATUP_E OF WIND TUNNEL LNTERFERENCE AT SUBSONIC SREEDS

In order to zain an appreciation of the oroblem that first led to the

investigation of W/hal-tunnel test sections of the mixed-boundary tjDoe, it is

instructive briefly to review some simole examole_ of the subsonic first-

order _nterference theo_: for open and closed test sections. Accordin_ to

this theo_, the interference is due to the reaction of the boundaries of

the test stream to only three characteristics of the test model, namely its

lift, its displacement, and the displacement of the wake due to its orofile

drag. Other characteristics such as the distrihltion of lift and displacement

give rise to second-order interference effects. _ut. if the size of the model

is oroperly small relative to the size of the tmunel the interference re-

action of the boundaries can be adequately estimated by representing the lift

with a sincle horseshoe vortex, the diso!acement of the model with a single

doublet, and the displacement of the wa_ with a single source. In the

simplest case, the model is supposed to be placed at the center of the tunnel

symmetrical with respect to a olane containing the tunnel axis or center

line and with the tunnel boundaries extending parallel up and do%_stream

without limit_, In this simplest case, the interference phenomena are easy

to comprehend.

Lift interference.- Consider first the boundary interference in the pre-

sence of the lift. For convenience in analysis, the bound part of the horse-

shoe vortex is separately treated and is placed in a two-dimensional tunnel.

The case of a two-dimensional vortex of strength r" in a closed tunnel is

illustrated in figure l(a). The required boundary condition, that the velocity

at the boundary normal to the wall be zero, is exactly satisfied by an

infinite system of alternately negative and positive vortex images. Because

of the alternate signs of the image vortices , the effect of the bound vortex

system is sensibly zero only a short distance upstream or,downstream. The

interference is therefore due entirely to the induced velocities near the



model location.

Examination of fio_ure l(a) showsthat since the images are equal in

absolute strength, those eq_Lidistant from y = 0 can be paired to yield

zero induced velocity at the model. F_rther examination suggests, since the

effects of the nearer images predominate, that a downwashexists upstream

from the model and an uowashdownstreamfrom the model; and this is the

effect indicated by theol. This is the only effect produced by the boundary

interference of solid walls on a two-dimensional vortex across the center

of the tunnel. In the closed tunnel, the oositive induced curvature of the

flow (increasing slope of the streamline) has an effect like the opposite

curvature of the airfoil chord, that is like positive camber, and ths lift

of the model is therefore increased. A horizontal tail-plane a short distance

behind the wing receives an increased angle-of-attack, therefore an increased

lift and corresponding negative increment of model moment, otherwise a decrement

in tail angle for trim.

In the open tunnel with a two-dimensional vortex at (0, O) the required

boundary condition, zero induced velocity in the stream direction at the

boundary_,is again satisfied by an infinite set of vortices equally spaced

along the y axis. In this case, however, the original vortex and the

images are all of the samesign. Since this sign is opposite to that of

the nearest two of the images representing the interference in the closed

tunnel, it is reasonable to suppose that the sign of the induced interference

velocities in the open tunnel is opposite to that of those in the closed

tunnel; and, since the vortices oare all of the samesign, rather than of

alternate sirens, the magnitude of these induced velocities should be greater

than that of those in the closed tunnel. This supposition is borne out by

the theory, and in fact it is found that the flow-curvature interference in

the open tunnel is of opposite sign and Just double the magnitude of that in



the closed tunnel.

The interference in the ooen tunnel with two-dimensional vortex differs

from that in the closed tunnel in another respect, that has sometimes -been

overlooked. The infinite set of vortex images all of the samesign now

yields _pstream from the model an upwashwhich in only a short distance

becomessensibly equal to its final value attained as the upstream distance

approaches infinity° Relative to the reference velocity V therefore a

downwash -v occurs at the model.

Consider new the interference in the presence of that part of the horse-

shoe vortex trailing downstreamin the tunnel. For the open and closed tunnels

and also for the slotted tunnel (but not for the porous-wall tunnel) the

problem can be simplified by treating the flow in a plane, the Tr_fftz plane,

normal to the tunnel axis at someposition far downstreamfrom the model.

The essentially three-dimensional problem is thus reduced to one in two

dimensions, and theory gives the downwmshinterference at the model as exactly

half that calculated in the Trefftz plane° The theory is especially simple

for closed or open circular boundaries. Thus, in figure 2, the boundary

conditions are satisfied with only two image vortices, one for each of the

r' ra For eachtwo trailing vortices, placed at the inverse points, i.e. _--
r o r

of the image vortices, another vortex at the cen_er of the tunnel is also

required, but since these two vortices are of equal magnitude but of opposite

sign, their effects compensate and therefore need not be considered. In the

closed tunnel (fig. Ha)), the image vortices are of the same strength as

but of opposite sign to that of their originals, and, as is easily seen, an

upwash results near the center of the tlmnel. In the open tunnel (fig. 2(b))

the interference is of the same magnitude as that in the closed tunnel, but

opposite in sign; a downwash occurs.

Solid blockage interference.- Because of the thickness of the model, the

streamlines of the flow are displaced laterally; and, the reaction of the

5
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tunnel boundaries to this displacement constitutes an interference relative

to conditions with the model in an unrestrained flow field. For a first-

order calculation of this interference, the model can be replaced with a

single source-sink doublet.

The two-dimensional case with open and with closed boundaries is illustrated

in fi_ire 3. In the closed tunnel (fig. 3(a)) the zero-normal-velocity

boundary condition at the walls is exactly satisfied with an infinite set of

mirror images of the original source-sink doublet spaced one tunnel-height

apart along the y-axis. The resulting crowding of the streamlines produces

an increase in velocity in the x-direction for the interference at the position

of the model. In the open tunnel (fig. _b)) the two images nearest the

model must be of the same strength as the original but opposite in sign, and

the farther images must be alternately positive and negative. As a result,

the solid blockage interference in the open tunnel is of opposite sign and

of half the magnitude of that in the closed tunnel.
j-

The three-dimensional solid blockage phenomena are fundamentally the

same as those in two dimensions, but in this case, the magnitude of the

interference in the open tunnel of circular or square cross-section (but not

for shapes much different from these) is only about a fourth of that in the

closed tunnel.

Wake blockage interference.- The profile drag of the model results in a

wake of reduced velocity downstream from the model, and the effect of this

wake on the outside flow can be represented, for the purpose of first-order

boundary-interference calculation, by a single source located at the position

of the model° The systems of images satisfying the boundary conditions for

closed and for open two-dimensional tunnels are indicated in figure 2. For

the closed tunnel, the infinite set of sources along the y-axis, corresponding

to the original source, evidently produces a decrease in velocity on the



forward part of the model and an increase over the rearward part, that is, a

positive vclocity gradient or, otherwise, negative pressure gradient. An

increase in drag is therefore measured on a force balance, or what amounts

to the same thing; an increase in surface pressure is measured near the nose

of the model and a decrease near the tail.

As for the case of the bound vortex, the infinite set of source images

all of the same kind produces a disturbance far upstream. For the source

images, this disturbance is a reduction in velocity in the x-direction.

Relative to the reference velocity V therefore an increase of tunnel velocity

occurs at the model.

For the open tunnel, the images must alternate in sign with the original

as indicated in figure h(b).. The velocity gradient is therefore opposite in

sign and, as shown by the theory., is of half the magnitude of that in the

closed tunnel. The velocity interference is zero, because the alternately

oositlve and negative infinite set of images produces zero velocity increment

for x-_ -cO .

The interference effects of open and closed three-dimensional boundaries

in the nresence of a source are in every way comparable to those of two-dlmen-

sional boundaries. The phemomena are fundamentally the same, but again, as

for the velocity interference due to wake blockage in the presence of a source-

sink doublet, the velocity gradient due to three-dimensional wake blockage is,

for circular or square cross-section, only a fourth as large (and opposite

in sign) in the open tunnel as in the closed tunnel.

In the presence of a sink, both the velocity- and velocity-gradient-

interference effects are the negative of those experienced with a source.

The sink is useful in estimating the flrst-order interference effects on a

propeller.

Compressibility effects--choking.- To the first-order accuracy herein

considered, the effects of increasing Mach number can be estimated by means

7



of the well-known Prandtl-Gla-ert rule. The rule is simple enough, but its

application to wind-tunnel interference is of such subtlety that several of

the early attemots to estimate the compressibility effects contained incorrect

results. The various first-order interference effects generally increase

with Mach number, but the upwash or downwash due to lift is an exception to

this rnle, provided the actual measured lift is used in estimating the inter-

ference velocities. However, in applying corrections, the vertical velocities

(upwash or downwash) must be read off at x/_ rather than at x,

where x is the distance in the free-stream direction and M is the reference

Mach number. At the position of the model, x - O, the vertical interference

velocity remains unaffected by increase in Mach number. The flow curvature,
0

on the other hand, receives a compressibility factor l/1/T_-M2o

A much mo_ severe compressibility effect according to the linearized

interference theory applies to the solid blockage. The increment of velocity

in the x-direction receives a factor 1/(1 - M2)_ ; but this is not all.

Within a range of _,{achnumber for which the compressibility effect on the

interference (but not on the flow about the model) might otherwise be adequately

represented bY means of the Prandtl_Gla_ert rule, a fundamental flow change

occurs. With the attainment of sonic velocity in a region of the flow field

near the model, the mass rate of flow is restricted in that region and the

streamlines are crowded in the vicinity of the tunnel walls. The effect is

similar to that of an increase in model thickness, and an increase of the

strength of the doublet representing the model is therefore required.

A further similar effect arises from the boundary layer and wake. The

wake is never represented with complete accuracy by means of sources; and as

shock waves terminating the supersonic flow region lead to flow separation

with increasing boundary-layer and wake thickness, the additional doublet

strength required in an adequate representation of the boundary layer and

T
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wake may become appreciable. Because of these effects, the solid blockage

interference may increase with Mach number over part of the subsonic _ach

number range more strongly than is indicated _j the factor I/B3 where

./I
In applying the solid blockage compressibility factors, no distinction

is required between two-dimensional and three-dimensional configurations. The

compressibility effects are essentially the same, though in two dimensions

part of the linearized compressibility factor is sometimes applied directly

to the representing doublet strength.

The wake blockage interference velocity receives a compressibility

factor 1/_ 2 and the velocity gradient due to wake blockage a factor 1/_3;

but if the interference is based on drag, a further factor, [l÷ (y - 1)M 2] ,

where # is the ratio of specific heats, is required to account for the

increase of the reD resenting source strength with increase of Mach number.

In the range of Mach numbers greater than that for which sonic velocity first

occurs in the flow field about the model, the wake blockage interference may

increase with _ach number more strongly than is indicated by these factors

because of the great increase in drag°

As the tunnel Mach number approaches unity, the llnearized theory becomes

increasingly unreliable and the compressibili_j factors inapplicable. (This

inapplicability is apparent from the fact that 1/_ approaches oo as M

approaches unity). •Moreover, in the closed tunnel, the indicated reference '

_!ach number can be increased little beyond that corresponding to the first
\

attainment of sonic velocity at the wall near the m_del. Because of the solid

and wak_ blockage (and perhaps affected alsG by the lift and by the attitude

of the model) this maximum Mach number may be considerably less than unity,

and the tunnel is said to be choked. In this condition the flow over the

forward part of the model is insensitive to that over the rear, and adequate

tunnel-boundary interference corrections are difficult or impossible to make°

9
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In the ooen tunnel, the interference is somewhat less severe, but the large

power requirement and the instability often found at high subsonic Mach

numbers has discouraged the use of this kind of tunnel.

Summarj and discussion°- First-order interference effects with the model

placed on the center-line at x - 0 in two-dimensional and in circular wind

tunnels with open and with closed boundaries are sun_narized in Table I,

wherein also approoriate references are given. Reference 2 is an excellent

summary_ of the interference effects and corresponding corrections with incom-

pressible flow. Interference effects with compressible flow are treated in

references 3 through 8 and in the Appendix. References 3 and 7, in particular,

are reco_nended as reliable and rather complete summaries of lift and solid

and wake blockage interference in two-dimensional closed tunnels and of solid

and wake blockage interference in closed three-dimensional tunnels, respectively°

The references relate the vortex strength to the lift (which relation is the

same for comoressible as fior incompressible flow, i.e., lift per unit span ,_V/'),
,o

the doublet strength to the volume of the model, and the source strength to

the drag, and also show how to derive the various corrections from the known

interference. All these relations are the same for slotted or porous as for
4B

open or closed boundaries, and will not be further discussed.

"7

Consider now the relative magnitudes of the various kinds of interference°

Because of the importance of three-dimensional effects in high-speed aerody-

namics, two-dimensional testing has become of relatively lesser importance

than testing in three dimensions. For this reason, since for a three-dimensional
,.

model the chord and span of the wing and therefore also the lift and corresponding

total vortex strength are normally smaller, the interference on the bound

vortex a_so becomes of lesser importance. In fact, the effect of streamline

curvature is con_nonly ignored in complete-model testing. Moreover, as seen

from Table T, as the Mach number increases, the downwash interference remains



unchanged (for constant lift), so that the lift interference becomesstill

less significant relative to the strongly increasing solid and wake blockage.

For models with properly small drag coefficient, the wake blockage becomes

large only at Machnumbers greater than about 0.8, whereas the solid blockage

may be significant throughout the Machnumber range and increases very strongly

in the range above about 0.7. In most cases therefore involving the con-

sideration of transonic wind tunnels for subsonic testing, attention should

be directed first of all to the solid blockage.

The solid blockage interference and other types of interference as well

are further affected by compressibility in a way not apparent in Table I.

Evenwith incompressible flow, the solid blockage interference, for instance,

cannot be accurately represented by a single velocity or Machn_nber increment

unless the model is properly small relative to the tunnel size. With increase

in _ach n_nmber,this distortion of the flow field is accentuated. Not only

does the maximuminterference increase, but the x-region _'dthin which a

given percentage of variation occurs becomesnarrower as the _ach number

increases (See for instance ref. 5).

This effect was illustrated in an unpublished theoretical investigation

of the solid blockage interference on a fineness-ratio-6 body-of-revolution

of length 1.75 times the diameter of the opentunnel in which it was placed.

For incompressible flow, the interference near the ends of the body as con-
!

trasted to that at the center had already fallen to practically zero, but

for a Mach number of 0.7, because of the flow distortion due to increase of

Mach number, the interference in the same region had attained an appreciable

value ooposlte in sign to that at the center (fig. 5). It is this same

distortion of the flow field with increase in _{ach number that introduces

the extra factor 1/_ into the compressibility factor for the flow curvature

and for the pressure gradient.

i/
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Besides these obvious distoTtions of the flow field, others more difficult

to est£mate are to be expected. With increasing Mach number, various second-

order effects almost certainly become of increasing importance, and, as

already pointed out, the attainment of choking in closed tunnels not only

limits the test range, but also may correspond to flow conditions at the

model that cannot be related to any free-field condition. _'_odelsizes must

therefore be Drogressively decreased as the test }{ach number approaches unity

or else some way must be found to circumvent the problem.

//



TRANSONIC _,_LNDTUNNELS AT SUBSONIC SPEEDS

/J

Methods of testing at transonic speeds.- The problem of wind-tunnel

testing at transonic speeds can, of course, be avoided by means of flight

testing of piloted aircraft or of pilotless models (see, for instance,

ref. 9) or even by allowing a model to fall freely ( refs. lO and ll).

However, these free-flight methods are usually more expensive and less convenient

than wind-tunnel testing, and with these methods accuracy comparable to that

normally attained with a fixed installation is difficult to achieve. By

another method, the transonic bump method, a model is tested in the flow field

surrounding another body, but the model is almost necessarily small, the

interference due to the presence of the body may be difficult or impossible

to determine and nonuniformity exists in the flow field into which the model

is inserted, so that again satisfactory accuracy is difficult to attain

(_f. 12).

The free-field conditions could evidently be represented in the wind

tunnel if the (solid) walls were shaped to conform to stream surfaces in the

free-field flow about the model. This method has actually been used (ref. 13),

but it is evidently awkward and inconvenient and becomes increasingly difficult

to apply as the Mach number increases in the upper subsonic range.

Another method of circumventing at least part of the wind-tunnel inter-
t

ference problem is suggested by reference to Table I, where for the critical

solid blockage the Snterference in the open tunnel is seen to be of opposite

sign to that in the closed tunnel. It therefore seems reasonable to suppose

that a mixed boundary containing some particular arrangement of open and

closed portions might reduce the solid-blockage interference to zero. This

is the idea that led to the NACA transonic test sections. The same idea had

been previously used to remove the low-speed lift interference (see, for

instance, ref. lh).
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The slotted test section of circular cross section.- The solid blockage

interference in a rectangular tunnel with two opposite open sides and two

opposite closed sides had been treated in reference 15, wherein it was found

that the interference at the position of the model would be zero if the

length of each closed side were 1.17 times the length of each open side.

This arrangement of two open and two closed sides appears to involve an

unnecessary risk of flow-field distortion. Uniformity of flow in the test

region is evidently favored by using many open and many closed segments of

the boundary symmetrically arranged. A ten-slotted circular tunnel with the

slots running in the streamwise direction was therefore theoretically in-

vestigated and tested (ref. 16). Some of the results follow.

The attempt to satisfy exactly the boundary conditions at the open and

closed portions of the boundary in the presence of a source-sink doublet

led to an infinite set of linear simultaneous equations for the determination

of the functions required in calculating the interference. Nevertheless,

the behavior of the slotted tunnel at subsonic speeds became immediately

apparent, and on the basis of some approximate solutions with various slot

widths, it was estimated that the blockage interference in the ten-slotted

circular tunnel would be approximately zero if about one-eighth of the total

boundary were open. This estimate has been shown by later investigations to

be too large, but it is conservative, because for open ratios greater than

that required for zero blockage, the interference is relatively insensitive

to variation of slot width. The excess width also provides some allowance

for viscous effects near the slot edges.

The theory shows that with increase in the number of the (symmetrically

spaced) slots, the ratio of open to total boundary corresponding to zero

blockage decreases. An analogous effect is found in electrical shielding,

for which the required amount of constant-potential material decreases as the

screen becomes finer.



i

The compressibility factor for the blockage interference in the slotted

tunnel was shown to be the same as that for blockage interference in open or

closed tunnels. It follows that within the range of applicability of the

Prandtl-Glauert rule, a slotted wind tunnel givinz zero blockage interference

with incomoressible flow will also give zero blockage interference with com-

pressible flow at all subsonic Mach numbers.

The elimination of the solid blockage interference with Mach numbers

approaching unity suggests that the associated tunnel choking should also be

eliminated. The same result was derived by arguing that because the stream-

lines were now free to expand outward through the slots, choking could not

occur.

On the basis of this theoretical investigation, a ten-slotted, 1/8-open

circular t_mnel one foot in diameter was designed to check the theory. Care

was taken to represent the theoretical assumptions as well as oractically

could be done. Thus, the slotted test section was made relatively long,

3 diameters; and in order to assure constant pressure at the slots the

material of the test section was cut away outside the slots and the diameter

of the surrounding constant-pressure tank was made twice that of the test

section.

To assure a large enough interference effect for reasonably accurate

0

determination, the body-of-revolution test model was much larger relative

to the tunnel than would normally be employed. The length of the body was

1.7_ times the diameter of the tunnel and its maximum cross section occuoied

8.5 percent of the tunnel cross section.

The interference at the center of this large body in the slotted tunnel

is comoared with that in the open and in the closed tunnels in figure 6.

The interference Mach number increm.ents are based on the assumption of zero

interference in the eight-foot closed circular tunnel, where the interference

iS



is theoretically 1/128 of that in the twelve-inch open tunnel. The presence

of a small negative interference Mach number increment for the slotted tunnel

must be considered a consequence of the too-large ratio of open to total

boundary. The interference for the open tunnel at the highest Mach number

for which the interference is shown is based on a single datum point and is

perhaps un reliable.

The equations of reference 16 are inconvenient for use in calculating

the interference in a slotted tunnel. A convenient method based on average

rather than exact boundary conditions is given in reference 17. From

figure 7 of that reference with values of the abscissa __ I/___l zero for

the closed tunnel and 0.86 for the 1/8-open lO-slotted tunnel, the interference

in the slotted tunnel was estimated to be about (-0.063) times that in the

closed tunnel. This factor was applied to the closed tunnel interference

calculated for the prolate spheroid in the circular tunnel by means of

equations (hh) and (50) of reference 7. The resulting estimated interfe_nce

is shown for comparison with the meas_:red slotted-tunnel interference in

figure 7. Most apparent is the, not unexpected, failure of the compressibility

factor to agree with the experimenta_ results in the Mach number range near

unity. It seems reasonable to conclude that the performance of the slotted

tunnel is more reliable than the theory of wind-tunnel interference. This

behavior is indeed fortunate and is in considerable measure responsible for

the improvement that the NACA transonic test section has brought to the

technique of transonic testing.

The variation of the interference near the model position must also be

considered. The radial variation with many slots is theoretically small, and

there is no reason to suppose that this characteristic will not be achieved

in practice. The variation in the streamwise direction on the other hand is

theoretically zero at the center of the model and sy_netrical upstream and

downstream from the center; and this theoretical prediction is not achieved

/6
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in practice. Thus, figure 8 shows a significant negative pressure gradient

in slotted tunnel. An explanation of this pressure gradient based on departure

from the assumed potential flow will appear in the sequel. The pressure

gradient interference in the slotted tunnel is less important than might be

suoposed because with decrease in model size both the pressure gradient

interference and the effect of a given pressure gradient on the model coef-

ficients decreases.

Some further characteristics of the slotted tunnel may be pointed out°

First, the residual tunnel pressure gradient often present in closed tunnels

is absent from a slotted tunnel° A gradient can be introduced, however, if

the cross section of the entrance to the diffuser is appreciably different

from the effective cross section of the jet in the test region and if the

diffuser entrance is too near to the model test position. Second, the slotted

tunnel provides a particularly simole and reliable method of determining the

reference Mach number. It is necessary only to measure the static pressure

in the tank surrounding the slots and to determine the Mach number by apply-

ing a pre-determined tunnel-empty calibration factor (near unity) to the

Mach number corresponding to the ratio of this static pressure to the total

pressure in the tunnel. This method is reliable provided the tank is sufficiently

large as not to interfere with the flow through the slots and provided the

model is located sufficiently far downstream from the upstream end of the
I

slots as not to influence perceptibly the flow in that region. The reliability

of this calibration method is a direct result of the fact that flow conditions

upstream from the model are determined by transmission of pressure through

the slots in that region. Some indication of the required distance of the

model downstream from the slot beginning may be obtained from reference 18,

wherein it is found that a lifting model should be no closer than about

one-half the tunnel height from the upstream or downstream end of an open

Jet. Examination of the calculated wall velocities shown in reference 19
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suggests that a somewhat longer test section would be desirable in the case

of the slotted tunnel. This result applies with incompressible flow. _ith

compressible subsonic flow, the upstream or downstream distance should per-

haps receive a factor 1/_ . With suoersonic flow, the model location is

determined by the distance required for development of a uniform test region.

The inadequacies of the linearized potential-flow theory of references

16 and 17 have already become apparent. It is quite evident however, since

the interference is theoretically proportional to the cube of the ratio of

body diameter to tunnel diameter, that if the ratio of model size to tunnel

size had been reduced to a more usual value, halved say, the blockage inter-

ference inthe slotted tunnel of figure 6 would have been hardly measurable.

Simultaneously, an even greater proportional reduction of the pressure

gradient effect should have occurred. Even with the someY4%at too large

open ratio therefore the solid blockage with the smaller model should be

approximately zero even near a Mach number of unity. The linearized theory

is, of course, inaoplicable in the vicinity of Mach number one, but by

virtue of the well-known stationarity of flow conditions near a _ach number

of unity one can reason that if the interference is sensibly zero at a Mach

number slightly less than one it is small also at _Jach number one and at a

Mach number slightly greater than one° These surmises were partially checked

by testing a winged model of equivalent size 0.38 times that of the 3.5-inch,

diameter orolate snherold. The results are reported in reference 16, where

it is shown also that the choking phenomenon does not appear and that the

slotted tunnel is operable through Nach number one. Corroborating data of

a similar nature will be shown in a subsequent section. Such data showing

absence of measurable interference indicate little about the nature of the

interference but do serve to certify the tunnel as suitable for model testing

without the application of corrections. A sonic boundary interference theory

reported in reference 20 tends to support the arguments of this paragraph°



m

The effect of the model wake blockage interference on the tunnel effective

_ach m_mber and on the pressure gradient in the slotted tunnel has so far

tacitly been assumed to be negligible. For the models tested, this is a

reasonable assumption. It is, moreover, susceptible to some analytical

investigation. As for the open and closed tunnels, the wake is approximately

reoresented by a source, and in analogy with these cases, the interference

velocity at the model due to the wake blocka[e is almost certainly zero.

For in the slotted tunnel, as in the open tunnel, the continuity condition

which in the closed tunnel requires an increased velocity outside the wake

no longer applies. This result is formally derived in the appendix; the

velocity (or Mach number) interference due to wake blockage in a circular

slotted tunnel is zero with any slot width that is effective in reducing the

solid blocka_e. _oreover, the same formal derivation shows that if the solid

blockage is zero, the velocity (or pressure) gradient due to wake blockage

is also zero. Since, in addition, the wake blockage interference on wings

and bodies suitable for aircraft is normally much smaller than the solid

blocka_e interference, its neglect in the case considered is believed to be

fully justified; though no experimental basis for this conclusion is known

to the author.

The source is also useful to investigate the interference on a model

producing thrust. Inasmuch as the tunnel boundary interference on a thrusting

propeller, for instance, is approximately the same as that on a negative

source (sink) the slotted circular tunnel appears to be particularly well

suited for propeller testing. A similar conclusion applies for any device

producing thrust in the direction of the tunnel axis.

The downwash due to lift interference in a circular slotted tun_l was

treated as early as 19hO in reference ZI@ Essentially, the same results were

independently derived and subsequently extended to various model-tunnel

configurations in reference 22. Both references 21 and 22 consider exact

19



boundary conditions, but again the results of reference 17, which are derived

from average boundary conditions, are more convenient where applicable. For

circular tunnels containing equally spaced streamwise slots all of the same

width, the ratio of open to total boundary necessary for zero downwash due

to lift interference is less than that required for zero solid blockage inter-

ference. In such a tunnel designed for zero solid blockage, the downwash

due to lift interference is of the same sign as that in an open tunnel. A

circular slotted tunnel havin_ both zero solid blockage interference and zero

downwash interference due to lift could perhaps be designed by concentrating

the slots in the part of the tunnel bo_mdary near its intersection with the

horizontal plane through the axis, that is opposite the wing tips, but the

interference would then be substantially non-uniferm over the tunnel cross

section. The theory indicates no compressibility effect on the downwash at

the model; only the stretching factor 1/_ is to be applied to axial dis-

tances, as already noted for the open and closed tunnels, in reading charts

and figures prepared for incompressible flow.

The streamline curvature, of camber correction, due to lift interference

in such a slotted circular tunnel designed for zero solid blockage is found

in re_ference 19 to be of the same sign as that in the open tunnel, but so

small as to be practically negligible. Because the effect of streamline

curvature on the lift is proportional to the ratio of the wing chord to the

tunnel radius, it becomes of even lesser relative importance as the model

size is made smaller° No adequate experimental data are available for checking

either the streamline curvature or downwash due to lift interference.

The theoretical first-order boundary interference with a small model in

a circular wind tunnel with uniformly spaced streamwise slots of such width

as to reduce the blockage interference to zero is summarized in Table II.

The interference is presented as £he ratio ]_ of the slotted tunnel inter-

ference to the corresponding closed tunnel in_erferenceo The streamline

_O



curvature at the model in the closed tunnel, which has not hereinbefore been

tabulated, is found from reference 19 and with the application of the proper

compressibility factor to be 1 _ = SCL , where S is

V _x 8_r_

the wing area and CL the model lift coefficient° The curvature in the

open circular tunnel is about 0.80 as large -and opposite in Sign to t.hat

in the closed tunnel. Because the comoressibility factors are the same for

the closed as for the slotted tunnel, Table II is applicable to compressible

flow within the validity of Prandtl-Gla_ert ruleo

In consideration of the experimental evidence that has been presented,

the theoretical orediction off zero solid blockage interference in a properly

desi_ned slotted tunnel is believed to be correct. The theoz-/ should be

reliable in monitoring the design, provided the slot ed_es are relatively

thin, provided the test section is sufficiently long (two diameters should

be lon_ enough), and provided the number of slots is sufficiently small to

Detroit a slot width large relative to the boundar-/-layer thickness.

V_th regard to the source representing the wake, the theory leading to

the Drediction of zero velocity increment interference due to wake blockage

in any slotted tunnel is so solidly based as to permit practically no doubt

of its validity. The velocity gradient, on the other hand, in the presence

of the source arises from slot reactions very similar.to those existing in

the presence of solid blockage, so that it seems almost necessary that in a

tunnel designed for zero solid blockage interference, the velocity gradient

due to wake blocka_e should be at least small° The velocity gradient noted

in the exoerimental results is believed to be due largely to non-potential

flow effects in the solid blockage interference.

An effect similar to that of the wake may be expected to exist for

model support systems extending far downstream from the model. Such a support

system exerts a direct influence on the model test results, but its secondary

influence arising from the boundary interference should be greatly relieved



in the slotted tunnel.

Aside from the experimentally discovered velocity gradient, it is evident

that the zero-blockage-interference wind tunnel also suffers from some lift

interference° Because the streamline curvature is so small and the downwash

is theoretically unaffected by compressibility, this lift interference need

not be large and could be compensated by the application of corrections.

However, the boundary conditions for the lift interference in a slotted

tunnel are less certain than in a closed tunnel and there is some experimental

evidence to suggest that the interference is greater than predicted by the

theory. Such an effect appears reasonable because with any appreciable

downward displacement of the jet due to the lift reaction, the i_flow above

the wing must increase the boundary layer thickness over the slotted surface

on that side of the tunnel, so that the actual boundary conditions in such

a region approach those for an open tunnel°

Several reasons for limiting the size of the test model in a slotted

tunnel can now be suggested:

a. Even though the first-order theory may predict zero inter-

ference of a particular kind, a distortion of the flow field

corresponding to second-order or non-linear effects may still

exist. Such distortion may be expected to decrease strongly with

decrease in model size.

I

b. The magnitude and effect of the experimentally discovered

pressure gradient cannot be theoretically determined but may also

be expected to decrease strongly with decrease in model size.

This type of interference could perhaps be roughly determined by

a careful experimental investigation.

c. The lift interference is not well determined and should therefore

be keot small.

X_
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d. As the }_ach number approaches unity, the theory becomes less

reliable and the determination of satisfactory tunnel performance

r_sts largely on comparison tests. The fact that the interference

decreases with decrease in model size relative to tunnel size is

still solidly based, however, for any subsonic Mach number.

_3

Even stronger reasons for limitin_ the size of the model __II appear in the

discussion of supersonic interference.

By analogy _th the case of open or closed tunnels, slotted tunnels with

cross-sectional shapes near circular are expected to exhibit interference

characteristics similar to those of circular tunnels. In particular,

reference 17 shows that the lift interference'in a s_lare slotted tunnel is

practically the same as that in a circular slotted tunnel havin? the same

cross-sectional area and the same ratio of open to total boundary.

Before taking up the supersonic interference, the subsonic interference

in tthnnels _Nth slotted top and bottom walls and solid side walls and in

porous or De rforated tunnels will be briefly considered.

Test section with slotted top and bottom walls and solid side walls.- A

type of slotted tunnel that if relatively easy to construct and convenient

for the generation of supersonic flow and for the use of optical methods of

observation has the slots only in the top and bottc_walls. The solid side

walls are then free for observation windows and for any model-support equip-

ment that might be needed. With cylindrical models extending between the

side wa!Is-the flow is essentially two-dimensional, but the tunnel is also

suitable for three-dimensional tests of winged models with span perpendicular

to the side walls° Unfortunately, with this latter arrangement, the open-

ratio required for zero solid blockage interference is so large that substantial

lift interference exists. The lift interference could be reduoedwith small



Q_

effect on the blockage interference by rotating the model through a right

angle, so that some Diane containing the span would be parallel to the side

walls, but this artifice would remove the advantage of the solid side walls

for optical observation and would besides accentuate the distortion of the

flow field° For three-dimensional testing such a wind tunnel must be regarded

as a compromise in the interest of convenience, particularly of supersonic

operation. If, because of supersonic interference, the three-dimensional

models must be kept quite small relative to the tunnel, the subsonic inter-

ference may be negligible.

The theoretical first-order interference for two-dimensional models

and for small three-dimensional models in tunnels with only top and bottom

walls slotted is summarized in Table III. In each case, the number and width

of slots are assumed to be such as theoretically to reduce the solid-blockage

interference to zero. In the two-dimensional case, the lift interference

is computed as that corresponding to a two-dimensional vortex extending

perpendicularly from one solid side wall to the other across the center of

the tunnel. The same arrangement of the two-dimensional source-sink doublet

and of the two-dimensional source yields the solid blockage interference and

the wake blockage interference, respectively.

The lift interference in the three-dimensional case is treated in

references 22 and 23 by a method of synthesis, by which the interference is

computed as the sum of that due t'o the trailing vortex images in the solid

side walls plus that due to the effect of the slotted top and bottom walls

in the presence of the trailing vortices. It is found that the lift inter-

ference due to the slotted walls is aimost the same as that On a two-dimen-

sional model spanning the tunnel and having the same total lifto A similar

treatment is given in reference I; but the slotted-wall effect is there

ascribed mostly to the interference on the bound vortex, and the slotted-
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wall effect on the trailing vortices is used only to derive a small correction.

A cursory consideration of the problem would suggest that the slotted-

boundarr interference on both bound and trailing vortices should be included.

}_owever, the major effect of the slotted walls in the presence of the

trailing vortices changes so slowly with upstream and downstrea_n distance

that over an_T finite length it is essentially constant. Since the test

section is necessarily of finite length, the reference velocity is affected

no differently than is the velocity at the model and this particular type

of interference is therefore inapplicable. 1 For this reason, the analysis

of reference I is preferred, though the two methods arrive at essentially

the same res..!Its. Reference 23 considers the streamline curvature in addition

to the downwash. The curvature is not specifically treated in reference I,

but mawr become significant for large models. As for the circular slotted

tunnel, the lift interference is expected to be larger than predicted.

However, the experimental results of reference 23 show lift interference

larger in some cases than would be theoretically predicted even if the top

and bottom walls were completely open. T6ntatively, at least, these exper-

imental results are regarded as less reliable than the theory.

The interference in the presence of a three-dimensional source is easily

derived from the theory for the solid blockage interference. The total

potential for the source at the center of a tunnel with only top and bottom

walls slotted is _iven by integrating from -oo to x the sum of equations (hS)

and (_<7) of reference 17. The x-derivative of this potential yields the

total axia_ induced velocity for the source, which is evidently the same as

the total potential for the doublet. If the potential of the original

IFor this explanation, the author is indebted to Dr. S. Katzoff of the NASA

Langley Research Center.
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doublet (su_nation parameter k = 0 in equation 45) is subtracted out, the

remainder yields the interference velocity for the source° This interference

velocity is evidently zero at the position of the model, x = y = z = O. It

also aDproaches zero far upstream, so "that the interference velocity in

the presence of the source is zero whatever the slot configuration. Similarly,

the velocity _radient in the presence of the source is given by the same

equation as the interference velocity for the doublet and is therefore zero

for the case considered in Table III.

Test sections v_th porous or perforated walls.- Porous or perforated

boundaries have some advantage for supersonic testing not only with respect

to supersonic interference but also, because of their strong tendency to

damp out flow disturbances, with respect to the establishment of a uniform

test region. In addition, there is some experimental evidence to suggest

that a tunnel with such boundaries may require less power than the slotted

tunnel (see, for instance, reference 2L). On the other hand, the problems

involved in constructing and operating porous or perforated tunnels are

much more severe than those characteristic of slotted tunnels. The dis-

advantages with respect to optical methods of flow observation are obvious.

Some not-so-obvious disadvantages will appear in the discussion of the

interference.

Because of the severe constructional difficulties and of the practical

impossibility of obtaining and maintaining porosity control, true porous

materials have been little used in wind-tunnel construction. As a compromise,

perforated materials have been employed and, a_ain to facilitate construction,

the perforations (usually round holes) have been made larger than would

otherwise appear desirable. Variations in shape and arrangement of the

perforations have also been tried (see, for instance, references 24 and 25).

One of the most successful of these has the holes so slanted that the outside
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end of a hole lies farther downstream than the end at the inside surface of

the tunnel %_I1. Another is a compromise "mtth the slotted tunnel by which

the olace of a slot is taken by a strip of perforated material°

Vfith s_ch wide variation in shape and arrangement of perforations_ it

is not surprisin C that v_ide variations also exist in the ratio of open to

total boundary, the open-ratio, required for the best attainable interference

characteristics. The performance of a _nd tunnel of this tFpe cannot be

theoretically _redicted but must be determined by experiment. L'oreover,

in this experLmenta! determination, the conditions to be encountered in

model testing must be adequately represented. One of these conditions has

to do with the bounda_/ layer. Since the dimensions of the perforations

are usually of the same order as the thickness of the tunnel bounda_j layer_

its influence may be expected to be quite lar'gc. It is easy to see that the

presence of a boundary layer on a perforated wall of given open-ratio will

cause that wall to react as if the open-ratio were larger. Such a result

is found exqperimentally in reference 25. As a result of this behavior, the

effective porosity in a region of inflow may be much greater than that in a

region of o_,tflo_7 through the wall. The actual boundary conditions at a

perforated wall are therefore far from certain even with the most reliable

experimental determination of the wall characteristics.

For this discussion, the tunnel _ll be assumed to be uniformly

porous. (The tunnel with the porosity concentrated in streamwise strips

could cerhaps be treated as a combination slotted and porous tunnel after

the manner of reference 6). The distinguishing characteristic of the porous

wall is the linear variation of velccity nomal to the wall with pressure

A permeability factor for the wall is thendifference acn_ss the wall.

conveniently defined as

2 v/V
P/q

27



where v is the velocity normal to the wall and o is the pressure
k%

difference across the wall (see refs. 25 and 26). With truly porous material,

the permeability factor R should vary directly _th the stream velocity

and with the density. An increase of porosity with density was found in

reference _7, even thou_ the oerforations tested were considerably larger

than wo_ld corresoond to a true oorous material.

In any practical perforated wind tunnel, the perforations are likely

to be much too large to permit the justifiSation of the linear pressure-

velocity relation on the basis of porous-wall theory. For flow normal to

the wall, the oressure difference across a wall with holes normal to the

surface would be expected to vary with approximately the square of the

velocity. _owever, since the hole size is of the same order as the bo_undary-

laver thickness, the velocity oarallel to the surface at the entrs_nce to the

hole shol_Id not be assumed zero.

A simol_ tied treatment of the flow into a hole in the presence of the

streamvise wlocity is given in reference 28. For this investigation, the

hole is supposed to be a two-dimensional slot vdth thin edges transverse

to the stream. In soite of the simplifications, this theory is believed to

_ve a valid indication of the Dhenomena attendant upon the flow into a holeo

It is indicated that with many transverse slots, the velocity normal to the

surface is aDproximately a linear function of the pressure difference across

the slots. The value of R is found to require the compressibility factor _ .

The correspondin_ suDersonic factor _ is stated in reference 24 to be applicable

also vdth m_personic flow over the perforated material. The approximately

linear oressure-velocity relation is shown experimentally for circular per-

forations both in the experimental results of reference 28 and in figure lO

of reference 27. However, in reference 27, the pressure-velocity curves

are aoproxi_ately straight also for the case of zero velocity parallel to
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the perforated surface. Evidently, the porous-_all condition persists for

larger oerforations than would be indicated by the theory. The curvature

shown in the oressure-velocity curves of figures 28 and 29 of reference 24

is perhaps at least partly due to the boundary-layer effects°

The predicted variation of the permeability factor R with Mach number

is not supported by the available data. Neither the data of reference 27,

when analyzed in terms of the permeability factor, nor those given in reference 24

show any certain consistent variation of the non-dimensional pressure-velocity

ratio with _ach number, certainly no tendency for the effective permeability

factor to approach zero at _ach number one. The same conclusion can be

inferred for supersonic velocity from figure 13 of reference 25.

The absence of any appreciable compressibility effect on the effective

oermeability factor is believed to be partly due to the small aspect ratio

of the oerforations as suggested in reference 28 (Sweptback edges would

have a similar effect), but it could also be due partly to the boundary

layer, since particularly with small holes the effective velocity at the

surface of the perforated*material must always be considerably less than

that in the center of the tunnel. Moreover, it will be remembered that the

porous-wall theory predicts that the permeability factor R will increase

with velocity over the porous material, so that insofar as the perforated

material behaves like the porous wall any compressibility effect with sub-

sonic velocity at and parallel to the surface tends to be counteracted.

This is perhaps the reason that the slopes of the curves of pressure difference

against stream velocity with constant normal velocity given in figure ll of

reference 27 first decrease with increase of stream velocity before increasing

at the larger velocities. It appears that the linear pressure-velocity

relation3wlth oermeability factor R dependent only on the geometry of the

wallg descrlbes, the behavior of the perforated material as well as can be
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determined from the available data. However, a more sophisticated treatment

is given in reference 31o

The theoretical first-order interference in two-dimensional and in

circular porous-wall wind tunnels is summarized in Table IV. The porosity

is assumed to be of such a value that the velocity interference due to solid

blockage is zero at the position of the model. However, for every case

shown, including the solidblockage case, the interference is a function of

_/R and not of R alone, so that for constant interference R must be

varied with _,ach number. This is a serious disadvantage, theoretically at

least, of the Dorcus-wall wind tunnel.

With values of _/R= 1o28 for the two-dimensional tunnel and 1.22 for

the circular tunnel which are suitable for reducing to zero the velocity

interference due to solid blockage the velocity gradient interference due

to wake blockage is also zero, as is shown in the Appendix.

The lift interference for the two-dimensional case is derived in the

Appendix. With _/R - 1.28 both downwash and curvature are rather large

and have the sign of the interferences _n open and closed tunnels,

resp ectively.

The lift interference for the circular tunnel was obtained from

equations of reference 6, the downwash from equation (49), and the curvature

from the x-derivative of equation (47) of that reference. The downwash is

negligible but the curvature, of the same sign as that in the closed tunnel,

is relatively large. It is not the lift interference, however, that imposes

the most severe limitation on the size of the model°

The porous boundary condition imposes a velocity gradient interference

due to solid blockage, a phenomenon that is not theoretically found for open,

closed, or slotted tunnels. The expressions for the gradient given in

Table II were obtained by takln_g the second x-derivatives of the applicable

3o
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potentials of reference 6 and substitutin_ the appropriate values of _/R.

The gradients are seen to increase very stronEly, as I/_ _, with _ach number.

An indication of the significance of these gradients with _ = i is given by

noting that for both the two-dimensional and the circular tunnels, the

interference velocities, zero at the center of the model, are oredicted to

increase to the closed-tunne] value (at the center) in about 0.8 of the

tunnel height or diameter. This distance receives in compressible flow the

factor _ , so that if the Prandtl-GlaU_rt tale should be valid to high _ach

numbers the gradient would be very large indeed. As may be seen from

reference 30 for the two-dimensional case, the velocity gradient is large

over a wide range of permeability factors, so that little possibility exists

of any compromise to reduce the gradient.

As seen from Table IV, the porous tunnel designed for zero solid

blocka_e velocity interference at the center of the model als_ suffers from

a velocity interference due to wake blockage° The values, calculated from

fo_ulae derived in the Appendix, approximate half the magnitude of the

wake-blockage velocity interference in the closed tunnel, but are opposite

in sign. V_ith somewhat greater values of __ than those used in this

investigation, the interference velocities due to wake blockage would tend

to comoensate those due to solid blockage. However, with models small

eno1_gh to reduce the solid blockage velocity gradients to permissible values,

the wake b!ocka_e is likely to be negligible.

in soite of the uncertainty of the boundary conditions in porous wind tunnels

the theor}_ is believed to give a valid indication of their behavior. In

partic_lar, the velocity gradient noted in the discussion of the ve_ F large

model in the shotted tunnel is believed to be an example of that predicted

for the oorcus tunnel. The gradient is believed to arise from the viscous

, effects associated with the flow through the slots° These effects would be

expected to increase with increase in number and decrease in width of the slots.

F!
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The oorous-wall tunnel is evidently not well suited for minimizing the

bo_mdary interference at s_bsonic speeds, for

a. _T!th _iven _eometry of the _ll the interference character-

istics of the tunnel change with _ach number.

b. The influence of the boundary layer on the performance

of such a tunnel may be expected to be large.

c. For such a wind tunnel, no matter what the porosity,

theory indicates serious interference effects.

d. Because of the uncertainty of the boundary conditions

theoretical corrections cannot be applied.

To these theoretical disadvantages must be added the previously-mentioned

difficulties of construction _nd operation of this t3Te of tunnel° For

purely subsonic testing, the slotted ttu_nel is much to be preferred.

On the other hand, the linearized subsonic theory is not applicable

velar near _ach n_bcr one and the _orous-_'_ll tunnel has the same advantage

as the _lotted tunnel with respect to theprevention of choking and with

resoect to operation through the speed of sound. The interference near

sonic sceeds must be determined bj experiment. As will be seen in the next

section, the oorous wall has some advantage with respect t_the supersonic

Jnqterference, and if this advantage should prove decisive, the model could

perhaps be made sufficiently small to render the subsonic interference tolerable.

3Z



TRANSONICWI_DTUNNELSAT SUPERSONICSPEEDS

33

No such tunnel boundary interference theory exists for the supersonic

operation of transonic wind tunnels as has been described for the subsonic

operation. V_at few attsmpts have been made to calculate the supersonic

interference, reference 32 for instance, involve such simplifications that

the results are of doubtful reliability for actually computing the inter-

ference in soecific cases. However, the general result of reference 32

that in a circular slotted tunnel the overall lift interference may not be

excessively large is believed to be correct.

The supersonic interference possesses several characteristics not found

in the subsonic interference:

(a) Positive velocity gradients tend to become localized

along surfaces (shock waves).

(b) The boundary interference reflects the detailed flow

disturbances due to the detailed shape of the model°

(c) An Upstream part of the model, depending in extent on

the stream }_ach number, is completely free of an_i boundary inter-

ference.

The first boundary disturbance to reach the model is the reflection of

the model bow wave. The extent of the interference-free region may be con-

siderably less hhan would be com_uted by assuming a shock wave of vanishingly
I

small intensity (_ach wave) making the angle sin-I 1 with the tunnel

velocity. Some experimental data showing the magnitude of this effect are

given in reference 33. In addition, the interference-free region is further

reduced by the upstream transmission of pressures through the boundary layer

near the intersection of the reflected shock wave with the model. This

effect may be aopreciable, especially if the reflected shock intersects the

rear of the model or a sting support, where the boundary-layer thickness may



be relatively large (see, for instance, refs. 32 and 35). The distance of

the bow wave upstream from the nose must also be considered as is done Ln

reference 33.

Inasmuch as disturbances in the supersonic flow are reflected from solid

walls without change in kind (shock waves as shock waves, expansion waves as

expansion waves) whereas the disturbances incident on open bo_mdaries are

changed in reflection to waves of the opposite kind, it seems reasonable to

supoose that slotted walls might reduce supersonic as well as subsonic

interference. In oractice, the slotted walls are found to be beneficial,

but their effectiveness is much reduced because of the localization of dis-

turbance effects previously mentioned. The assumption of average boundary

conditions is contrary in the supersonic case to physical reality. Thus,

the shock wave arising from the reflection of the bow shock from a solid

part of the boundary is inclined to the flow direction at a greater angle

than is the expansion wave arising from the reflection of the same disturbance

from a slot. Even if some average of the reflections could be made zero;

therefore, a ripple characterized by an increase in pressure followed by a

decrease would appear at the model@

A_. investigation of the nature of the supersonic interference in a slotted

tunnel is reported in reference 33. Figure 9, which is reproduced from that

reference, shows by means of schlieren photography and of the body surface

pressure distribution the interference effect of the bow wave reflection.

The pressure disturbances at the wall are also shown. The pressure increases

at the shocks are evident.

Schlieren photography does not show clearly the part of the interference

manifest as expansion waves_ because these are spread out rather than con-

centrated. The expansions become evident, however, in figure lO, where the

body pressure distributions obtained in the eight-foot slotted tunnel are
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compared with those obtained in the sixteen-foot slotted tunnel. The six-

teen-foot tunnel data are interference-free at _v_achnumbers greater than

about 1.05, and the interference is believed to be small at lower )_ach

numbers.

As can be seen from figure 9, the model tested was properly small

relative to the eight-foot tunnel. VTith larger models, the interference

would be larger, but in an approximately circular tunnel, because of the

tendency to focus disturbances toward the center, the effect of reduction

in model size is not as large as mig/%t be expected. The principal behefit

of decrease in model size arises fro_the decrease in the _ach number for

which the model becomes completely interference-free. .'iithrespect to shock

wave reflection, this effect is doubly important, however, because of the

decrease of shock wave intensity with decrease in Mach number.

The interference could be spread out to achieve some of the effects of

average boundar,j conditions and of the average interference characteristic

of subsonic flow by testing in square rather than circular tunnels° However,

because of the solid side walls, the tunnel with only top and bottom walls

slotted does not a_pear to be well suited interference-wise for testing

three-dimensSonal models at low supersonic speeds. Also, in this case, the
i

schlieren system will normally be improperly oriented for detecting reflections

from the side walls.
m

Interference disturbances such as those seen in figures 9 and I0 evidently

need not in themselves cause any substantial effect on the model force coef-

!

ficients. Thus, a wave having no net change in velocity would be expected to

have an entirely negligible effect on drag if it should intersect the mid-

section of the body, where the streamwise slopes of the surface are small.

The smallness of the effects of some such disturbances are shown in reference 36i

On the other hand, it is clear that if a reflected disturbance should strike
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a tail surface, the moment might be appreciably falsified.. Similarly, the

drag might be falsified if a reflected disturbance should strike near the

tail or trailing edge of a model. The supersonic interference effects may

therefore be expected to be quite irregular with respect to both model con-

figuratlon and }_ach number. These effects should be considered in any tests

planned to detect or to investigate the superaonic interference. The small-

ness or absence of supersonic interference found in certain test results may

in some cases be the result of crudeness of the tests or of insensitivity

of measurement.

In order to achieve at least approximately the average uniform boundary

condit_on and to ca,]cel the disturbances in the vicinity of the wall, porous

walls, walls with many small slots, and perforated walls have been considered.

As might be expected, the operation of such walls is strongly affected by

the be_Jndary layer. In addition, as pointed out in reference 37, the slotted

tunnel is affected by transmission of pressure upstream in the slots.

These bounda_j-layer and slot effects complicate the reflection and

again lead to compressions followed by expansions. The expansions may be

quite large if the boundary layer is of considerable thick_qess, and are then

followed by further compression after the boundary-layer thickness has been

reduced by flow through the wall. (See, for instance, ref. 2h). As has

already been oointed out, the increasing thickness of the boundary layer in

regions of inflow, as would exist behind a single expansion wave for instance,

greatly increases the effective porosity of the wall; so that in such regions
.°

the poro_js wall may perform as an almost open wall. These effects can be

reduced by converging the walls and drawing off the greater part Qf the

bo_ndary layer; but this procedure is rather inconvenient and introduces

the danger of producing a pressure gradient in the tunnel by improper adjustment

of convergence and suction.



On the assL_mption that the average velocity normal to the wall is a

linear function of the pressure difference across it and that the behavior

of the wall can be characterized by a permeability factor R, the value of

R required for shock cancellation is easily derived° Such a derivation is

given in reference 38, _nere the required value of R is found to be equal

to the cotangent of the shock angle. It is thus a function both of the Mach

number and of the sWock strength. However, with small three-dimensional

models, the shocks and expansion waves reaching the walls are expected to be

relatively v_eak, and as the shock strength approaches zero, the required

value of R is shown to approach the compressibility factor _ . (The

experimental results of reference 25 tend to confirm this theory° ) Since,

as concluded hereinbefore, the permeability factor depends almost solely on

the geometry of the wall, it seems that a given wall is suitable for only

one Mach number° On the other hand, the _{ach number range over which small

models (relative to tunnel size) are subject to supersonic interference is

small. Noreover, near _ach number one, the interference is small, so that

if the porosity is adjusted for zero reflection of the bow wave at a _ach

number near the upper end of the range, the interference may be negligible

at all supersonic Mach numbers. _Vith properly small models, the minimization

of the interference due to bow wave reflection therefore appears possible.

The cancellation of the bo_ waFe is evidently insufficient of itself

to assure freedom from bo_nda_/ interference. Other disturbances produced

by the model, both shock and expansion waves, must be considered. The can-

cellation of each disturbance as it inte.rsects the wall is no simple matter,

even for a single stream Mach number and without any consideration of boundary-

lajer effects, because the permeability factor is required to vary along the

wall opposite the model. In two dimensions, because of the unique relation

between velocity and flow an_le, this variation is not large, but in three
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dimensions, for which no such relation exists, the variation is great and

even a neFative value of R may be required, as can be seen from figure

of reference 25.

Even if cancellation of disturbances is assumed, the bo_ndary inter-

ference does not thereby# become zero; because in the unrestricted flow Dart f

of the field outside the position of the walls influences the model in other

ways than sSmply permitting free transmission of the disturbances, and this

influence must be adequately reoresented.

These effects have been investigated by Mro Clarence !{atthews of the

NASA Langley Research Center. In this investigation, the restricted and

_mrestricted flow fields about two- and three-dimensional models were cal-

culated numerically by characteristics methods. The two-<limensional mode_

assumed was a symmetrical lO-percent-thick almost parabolic airfoil blocking

approximately 2h _ercent of the two-dimensional tunnel in which it was placed.

The three-dimensional model consisted of a 17.% ° (half-angle) nose cone

followed by an infinite circular cylinder. This model blocked approximately

1.8 percent of the cross section of the circular tunnel in which it was

pla ced o

For the two-dimensional model, the calculated distributions of pressure

coefficient with various tunnel boundary conditions are shown in figure ii.

The non-reflecting wall with Prandtl_{eyer exp,ansion outside the walls yields

pressure coefficients practically the same as obtained with the free-field

bounda_ condition. The effect of the cut-off part of the flow field is

therefore adequately represented by neglecting any disturbances returned

from that part of the field to the model and simply cancelling each disturbance

wave at its intersection with the wall. This result is to be expected from

the fact that the flow about an airfoil in supersonic flow is ap_,roximately

given by assuming a Prandtl_eyer expansion downstream from the attached

3F
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bow wave. To achieve the cancellation of disturbances with free-stream

oressure behind the _lls, the permeability factor R is required to be a

function of the local Mach number at the wall and must therefore vary both

with free-stream ._ach number and with position along the wall. However,

even with a constant Dorosity designed to cancel the bow shock, the inter-

9erence is seen to be quite small in contrast to the very large interference

shown for the ooen boundar-j case.

In two dimensions, the major difficulties a_oear to be connected with

the required variation of oermeability and with the previously-discussed

boundary_ -layer effects. Since over the cart of the bo_&ndary downstream from

the position of bow-wave intersection the permeability for non-reflectivity

is required to increase, some downstream increase in boundary-layer thickness

may be beneficial. }_oreover, since the expansion waves, which are characteristic

of this re_ion, are soread out rather than concentrated, any such benefit

can be realized without the complications previously noted in connection with

the intersection of the bow wave with a wall containing a boundary, la_/er.

If the riDDle caused by the shock wave-bounda_r laver interaction can be

tolerated, some of the vacation with stream Mach number of the permeability

required to cancel the bow wave can be achieved h_j controling the boundary-

layer thickness as s1_ggested in reference 25°

For the three-dimensional model, the pressure distributions at the surface

of the model in the oresence of various non-reflectin_ walls are shown in

figure 12. Although the results for the three-dimensional model are rather

cl_ide, because of practical limitations on the fineness of the computational

characte__stic net, they show clearly the influence (in addition to allowing

free transmission of the disturbances) of the Dart of the flow field outside

the wall position° The assumotion of non-reflectivity is seen to be entirely

insufficient to assure non-interference. The assumption of constant velo_ty
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and flow ancle across the wall is e_ivalent to cutting off all disturbances

from the outside flowo In the absence of the comnressing effect of this hart

of the flow field, the r_ressures over the part of the model subject to inter-

ference are too low. The conical-shock case_ on the other h_nd, allow-s some

influence of the outside field, but does not include the e__fect of decrease

of intensity of the bow shock with distance outward erom the _ "_. ..os_tion of the

wa?_l. In this case, the correct press_res are _uch more closely approx-

_ oc_t__es an_ angles withimated. The third assmml:,tion, that the change of vel _

distance alon_ characteristic lines is constant across the boundary, leads to

decreasing velocity in the outside field and a corresponding oos_tive pres-

sure ___d],_nt on the model°

In _ractical model testing, the outside flow field is unknown, &nd in

any case, an accurate re_)resentation of its effect on model characteristics

does not seem likely. Nevertheless, if the model is kept small relative to

the tunne] size, the mainten&nce of stream static pressure outside of per-

forated tunnel walls ma}r orovide a reasonably [[ood approzJ_mation to the average

influence of the oart of the free field outside the oosition of the tunnel

b ounda r_r.

The e_fects of two different porous walls are. shoran in figure 13. In

both cases constant, free-stream pressure is assumed o_tside the oorous wallso

As could be exoectod because of the large variation along the wall of the

permeability required for interference-free flow in the three-dimensional

case, the disturbances with the constant-porosity wall are large. However,

these disturbances are soon damped out and the pressure at the model returns

to the free-stream value maintained outside the walls.

For the slant-hole wall, in simulation of the possible physical behavior,

the shock-cancellation value of oermeability v_s assigned for the region of

the wall opposite the forward part of the body, where outflow through the wall



is required_ whereas over t_heoart requirin_ inflow an average of the values

required for zero interference was assumed, in this _ase, the disturbance

to the flow is even iarger and does not dampout so rapidly do_mstream. The

large disturbance is due to the mis-match of the assumedpermeability _th

that re.quired in the region of intersection with the wall of the stron S

expansion wave arisin_ from the corner at the juncture of the cone with the

cylinder of the body. Perhaos the principal advantage to be obtained from

the slant holes lies in their use to nrevent too larc e increase of effective

permeability in regions of inflow. In this connection, it should be noted

that in the three-dimensional case, even if the _er_aeability distribution were

correct for non'interference, it wm_ld in most places not be correct for the

cancellation of su_erposed disturbances. _oreover, the distribution of

permeability required for non-interference would be different Cot everT_

different model and for eve_z different _ach number. Even without consideration

of the additional oractica! _bob!_cms, it is evident that interference-free

wind-tunnel testing of three-dimensional models is quite _m!ikelyo

_T.v rth_.l_so, the interference due to reflection of the bow wave can be

greatly reduced and w_th sufficiently small models, the total interference "

may be reduced to tolerable values. In a square tunnel, the disturbances

would be less concentrated than in the circular tunnel, for _hich figure. 13

applies. _foreover, a model with smaller strea_wise curvature of the surface

than that at the cone-cylinder juncture wo_ld cause less concentrated expansion

disturbances, and the required variation of oe_eability factoT would be less.

For practical testing, a compromise between slotted and perforated tunnels

such as used in reference 39 may be acceptable. In any case, the tendency of

i

the interference 4isturbances to accumulate locally and the consequent possibility

of large and irregular effects on the model coefficients, especially moment

coefficients, should be remembered.



EXA_PLF_ AND COI_PAP_ISONS

Comparisons of the results of testing different models in the same

transonic wind tunnel and of testing the same or similar models in transonic

tunnels of different size or in free flight will give some appreciation of

the interference effects to be expected in practical model testing and of

the limitations on model size required to keep such interference small.

Such a comoarison for the surface pressures on a body of revoluti'on have

already been shown in figure I0. From the same source, reference 33, the

drag coefficients for the body of revolution are shown in figure lho The

dragcoefficients in the Langley 8-foot transonic tunnel were obtained from

both force tests and oressure distributions° These data are compared with

data obtained on approximately the same body shape in free-fall tests and

on the same body in the Langley 16-foot transonic tunnel. Both the 8-foot

and 16-foot tunnels were approximately circular and slotted to give open-

ratios slightly too great for zero solid blockage interference. In spite

of the relatively small size of the model with respect to the 8-foot tunnel,

about 0.14 oercent area blockage and length about 0.8 of the tunnel radius,

some suoersonic interference is seen to be present. This interference can

be exolained, except for the uncertain region just above _ach number one,

as due to the oassage of the bow-wave reflection over first the forward and

then the rearward part of the model. With an off-center location of the

mode_,_ the interference is seen to be reduced. This reduction is taken to

indicate that a square tunnel cross section would be preferable to the

circular cross section for supersonic testing. The model size is considered

to be sufficiently small for most testing in the 8-foot tunnel.

Some comoarison tests for a wing alone are reported in reference

Examples of the results of these tests are shown in figures 15 and 16, where



qt

lift and oitching-moment characteristics in a 4.5 x 6.25-inch tunnel are

comoared with similar data obtained from tests of the same side-wall-mounted

wing in a 7- by lO-foot closed tunnel. The wing was mounted next to the

solid wall with the semispan in t_ direction of the greater dimension of

the tunnel. The walls above and below the win_ surface in the small tunnel

were then sl6tted with two different open ratios, 1/5 or 1/8, or were open

or closed as indicated in figures 15 and 16. The v_ing semispan was 4.24

inches, its mean-aerodynamic chord 2.17 inches, and its half-area 9 square

inches. In soite of the large size of the wing relative to that of the

small tunnel, the lift in the slotted tunnel with ooen-ratio 1/8 is seen to

be not much different from that in the 7- by lO-foot tunnel, whereas with

open or with closed boundaries the difference is great. Figure 16 shows that,

as might have been expected, the differences in pitching moment are greater

than those in lift. Because of the large number of slots used, the theoretical

characteristics of the slotted walls used in these tests are almost the same

as those of open boundaries. However, partly because of the large number

of slots and partly because of the large depth of the slots, slot-width-to-

depth ratios 0.074 and 0.132, the slotted-wall theory is not applicable, and

the walls are _elieved to partake more of porous-_mll than of slotted-_ll"

characteristics. All that figure 15 shows, therefore, is that with such

botmdaries the lift interference can be greatly reduced.

Some comparisons of 8-foot and 16-foot slotted tunnel tests of a body

with sweptback wings are given in reference Both tunnels, of approximately

circular cross-section, were slotted to give an open-ratio slightly too

great for zero solid-blockage interference. The body fuselage for these

tests was approximately 32.6 inches in length and 3.33 inches in maximum

diameter. The wing was of semispan 12 inches, its mean-aerodynamic chord

6.25 inches, area 1 square foot, sweepback 45°, and taper ratio O.6. The

_J



size of this model is representative of the sizes of models ordinarily

tested in the Langley 8-foot transonic tunnel. The results of the tests

of this _odel are also comparedwith data from tests of a geometrically

similar model three times its size in the Langley 16-foot transonic tunnel.

Comparisonsfor lift, drag, and pitching-moment coefficients are given in

figures 17, 18, and 19, respectively. Except at the largest angles of attack,

the interferences on the small model appear to be small. In these cases,

differences that can certainly be assigned to boundary interference rather

than to measurementerrors appear only at near-sonic or supersonic speeds.

The sweepbackof the _'rings is perhaps favorable in lessening and in spreading

out the effects of the supersonic interference. Even with the larger model

in the 16-foot tunnel the interferences are not large, but this model is

perhaps larger than should ordinarily be tested at _{achnumbersnear one in

a tunnel 6f this size_

Some unpublished lift and moment data obtained for a large complete

model tested in the Langley 16-foot transonic tunnel and in the Langley 8-foot

transonic pressure tunnel are compared in figures 20 and 21. The approximately

circular tunnel, 16-foot, was slotted as described in the next preceding

paragrarh. The square 8-foot pressure tunnel had four shaped slots in each

of the top and bottom walls with average open ratio opposite the model

approximately 7.9 percent for each wall. The model, mounted at the center

with w_ng span perpendicular to the solid side walls of the t_nnel, was very

large relative to the size of the 8-foot tunnel. Its length was about

86-percent and its span almost 6h-percent of the width of the tunnel. Its

frontal area was 0.96 percent and its wing area 7.6 percent of the tunnel

cross-sectional area. Because of the large power requirement, the model was

tested at O.h atmosphere total pressure in the 8-foot pressure tunnel rather

than at 1 atmosphere as in the 16-foot tunnel. In spite of the large size of



the model, the differences bet_een S-foot and !6-foot tunnel results are

not lary_e. As e_ected, the moments shov; larger differences than the lift.

The theoretical streamline curvature in the _-foot tunnel is practically

ne?!i_ible, but the downwash due to lift interference at subsonic speeds

requires a theoretical article-of-attack correction of about -0.2C L degrees°

The aoplication of this correction would evidently improve the 8-foot tunnel

results" At supersonic speeds, the lift interference seems to be less than

at subsonic sneeds.

It is remarkable that in all the applicable test results examined, _he

interference in transonic _'rind t1_nnels does not increase with approach to

}lath number I as suggested by the (inapplicable) linearized subsonic theory.

This behavior is of great importance for the usefulness of transonic tunnels

and also suggests the oossibility of small interference near l_ach number one

for small models tested in tunnels designed primarily to reduce the suner-

sonic interference. Tests of w_nged models in s_Jch a tunnel are described

in reference 39.

In these tests, models of three different sizes were placed in a 2- by

2-foot tunnel having walls containin_ many narrow streamwise strips of swept

perforated material td _ive an open-ratio of 6 percent. Such a tunnel may be

regarded as a comoromise between the slotted tunnel and the porous-wall

tunnel. The reader is referred to reference 39 for details of models,

tunnels, and tests. For this tunnel, a large reduction was obtained in

boundar-r interference comoared to that" in a closed tunnel. With a model

blockinK O.51 nercent of the tunnel cross-sectional area, the interference

was fo'_nd tolerable at all test Mach numbers (0.6 to 1o3). It is not clear,

however, exceot oerhaos in the matter of lower oower requirements, tlmt a

t_mnel of this tTroe is superior to a slotted tunnel of the same cross-sectional

shade, even for supersonic testing. The performance of the walls used is
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not theoretically predictable; and the ooen-ratio required was determined

from exDe riment.

In _omoaring boundary-interference data from different _nd tunnels, it

should be remembered that the detection of interference is dependent on the

accuracy of measurement and that the measurement accuracy is likely to be

less for small than for large models. For these reasons, tunnel bo_nda_j

interference from the larser facilities is in general considered more

reliable.

_6



CONCLUSIONS

I. For _'_[achnlm_berswell below one, coarsel_r slotted tunnels, which

are relatively _as_o,to build and ooerate,_ are extremely effective in reducing

the boundary interference even with ver_j large models. The permissible model

size is somewhatlimited, however, by the fact that the lift interference is

not reduced to zero for the same_iI geometry as is required for zero

blockage and that because of viscous effects, a residual pressure gradient

exists.

2. Perforated tunnels, which involve difficulties in construction and

operation, operate muchlike porous-wall tunnels, and the interference

characteristics with given geometry therefore change with Machnumber. T_le

interference in such t_nnels is further characterized by relatively large

pressure gradients. Perforated tunnels are for these reasons unsuited for

testin_ large models at _ibsonic speeds.

3. Slotted tunnels with manyslots partake strongly of the nature of

porous-wall tlmnels.

I_. At _'ach numberswell below one, theoretical corr_,ctions are approx-

imately applicable for the interference in coarsely slotted but not in finely

slotted or perforated tunnels.

_. Both oerforated and slotted boundaries elimlnate the tunnel choking

near Pach n_mber I.

6o In transonic tunnels designed for small boundary interference,

the interference does not increase _j th approach to Machnumber one as pre-

dicted b_zthe linearized subsonic theory, but remains small. With properly

small _odels, therefore_ both slotted and i:erforated tunnels are suitable

for Machnumbers near one.

7. The _erforated tunnel is believed to have someadvantage over the

slotted tunnel for the prevention of shock-wave relfection, but its performance



is stron_Iv affected by the wall bolmda_ layer.

8. The practical removal of the suoersonic interference on a two-

dimens_'ona! model over a small range of _ach numbers au.oearspossible by

use of oerforated walls.

9o _or three-dimensional models, the removal of the supersonic inter-

ference does not apDear practical, but it can be _reatly reduced° The

models must therefore be small relative to the tmnnel size°

IO. The sm_ersonic interference is irregular, and care must therefore

be exercised in suoersonic testin_ to locate any _,_achnumbersfor which

excessive interference maybe present° The momentsare oarticularly sensitive

to such interference.

llo For reducing a.ndspreading out the effects of the supersonic inter-

ference, the rectangular test section is oreferable to that of circular shape.
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APPENDIX

SUBSONIC BOUNDARY INTERFERENCE IN PRESENCE OF

SOME SIMPLE SINGULARITIES

For use in reference the subsonic wind-tunnel interferences in the

presence of three simple singularities are briefly derived. These

singularities are the two-dimensional vortex, used to represent the

lift of a two-dimensional wing, the two-dimensional source, used to

represent the wake of the two-dimensional wing, and the three-dimensional

point source_ used to represent the wake of a three-dimensional model.

The derivations are heavily dependent on the theory of reference 6, and,

except as otherwise noted, the symbols are the same as used in that ref-

erence. In all cases the singularity is placed at the center of the

tunnel and the x-axis is taken positive downstream along the tunnel axis

or center line.

L

4
7
5

Two-Dimens ional Vortex

The potential of the two-dimensional vortex in unrestricted subsonic

flow is _

x

igG *_ - igK _ +

As in reference 6, page 8, @l and the interference potential _ have

been substituted into equation 9(b) of that reference to give, for the

upper wall

i _G* = _y igx

R _y y=h _ x2 + _2y2 e qdx +

K__ _3y2 _ _x 2 eigX dx +
(x2 +  2y2)2

_' eigx (2)

x2 +  Zy2
y=h



L

4

7

5

where the indicated derivations of $i have been taken before taking

the transforms.

From reference 6, page 9, a solution for G* having the require_

odd dependence on y is

G* = B(g)sinh(_gy) (3)

Evaluation of the integrals in (2), use of (3), and substitution of the

boundary value h for y yields for B(g), on separation of real and

imaginary parts

' ' 2 • 2 •

2 g "' ' • 2 18 2

(4)

Use of equation (4) with equation (3) and of equation (3) with

equation (13b) of reference 6 gives, with q = _gh

_-(x,y) = _ .

_inh(q) + Kq cosh + cosh(h

2

F I(l- _)(sinh(q) + _ cosh(q))- (_)cosh(q)_e-qsinh(_)sin(_$

; _inh(q) + K_ cosh(q)j2 + I_ cosh(q_ 2 ,

Since on the center line, y = O, the potential q_ is zero, a constant,

the interference velocity in the free-stream direction x is zero there.

: ,/'

; ii
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L

7
5

The upwash velocity is

W* = _ = __ __ i _ [sinh(q) + Kq_._cosh(q) + (I-_._q)cosh(q)]'e'qcosh(_)cos(_)dq

_y 2_hR [_inh(q) + Kh_ cosh q]2+ [_ cosh(q)_ 2

2_h

_inh(q) Kq cosh(q)_ 2 2+ h + [R_ cosh(q)_

• ooze(q))_ ,o,
(6)

With V the free-stream velocity the streamline curvature is

given by

i __ = _ _ I_ _Irah(q) + _ cosh(q) + (I Kh--_)co'sh(q_e-qcosh(_)sln(_h)q .dq
V_x _V_h2R , _inh(q) +Kh_ cosh(q_2 + [_ cosh(q'] 2 "

_ [(i - Kq_sinh(q) + Kq co?sh(q)_- {_2cosh(q)_e-qcosh(_Icos(Bqh_) q dq

P . hl_ , h , ] \R/ _1 , \n!. %p

2_V_h 2 F K- ,_ 2 IF8 " 72
!slnh(q)+ _ cosh(qh _=_ cosh(q)i
L_ _ ' _ ,.__ J

(7)

In the closed tunnel, 1 O0

W'closed =

e'qcosh (_) sin(_)dq

cosh(q) "

:'!

(8):

At

e'qcosh (h_)
approaches zero because remains continuous and bounded.

cosh(q)

The curvature at x = y = 0 in the closed tunnel is
/

x = 0 the upwash is zero. Similarly as x--_-_ the upwash again !i

@O

m = ___2__P ¸ =_ P

8x closed _V_h 2- cosh(q) 48 V_h 2
x--0
y--O

(9)i

; ii: 'i-



These results agree with those quoted in reference 2 for _ -, i when

the differences in definition of h and w are taken into account.

For the ideal porous wall K = 0, the upwash is

W'porous - f cos
r "_ _inh(q) + c°sh(q)Se-qc°sh(h_) (_h) .

2_hR _inh(q)_2 + [R_ cosh(q)_2

_0 _ _inh(q) - _2cosh(q)_e-qcoshI_sin(_q-_dq' "2' ' 2 '

_h [sinh(q)]. + I_ cosh(q_

(zo)

L

4
_7
_5
L....

At x : O, y : 0 a downwash exists.

-_porous -
x=O

y=O

l"

_h R f dq

[sinh(q)_2 + [R_ cosh(q)_ 2 '

r -z (lz)

where the inverse cosine function is to be taken positive. The upwash at

x-,-_ is again zero, so that (ll) gives the total downwash in the

porous tunnel.

iv



The curvature of the flow at x = y =0 is, fr_ (7)

\.

vj0x=0

y=0 .....
_inh(q)] 2+ [R_ c°sh(q)] 2

_ -r _2___),+_]
- LV 4J

where and is to be taken positive.

If k is replaced with 2r

IVI- ,2_h2V_I- 6_''I" 6"_2__ ,,porous - "-P_- i _ i;"

x=O _

y=o , !i _!

where tan r = _ is inverse to the tangent of r defined in refer.

ence 26. It follows on reference of equation (19) of reference 26 t_t _i'

the flow curvature is zero for _ value of 8/R inverse to that for ,,!!_ii!

which the solid blockage is zero. _'

R . , |_

For the ideal slotted wall, i_ = 0, i

( ) ()
__ 1 Kq e'qcosh_ sin 8q_h_ _ ,_

, , qh -_ ',,,(13):

W'slotted = "_h sinh(q) + Kq cosh(q) %
h

ii_i!:i_

Equation (13) yields nothing at- x = O, .....y__'--O, but as 'X -_ -_, th@ ,_

at q = 0 produces ' " '

V



L
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7
5

W _ -_ _ _-- lira

• slotted- _h 2 q,-_O sinh(q) + Kh_ cosh qy=O
X -9 -m

I"

Relative to the flow at

exists at the model.

-_ therefore a downwash_

The curvature at x = O, y = 0 is

<l _x Islotted 2_h 2- VJ 0 [I1 "_-S'l]_-qq dq
sinh(q) + _ cosh(q)

x=O J

y=O

• z

• !

i 7'

!ii

i: ,!

! i,!.

(zs,) ' ,,

i [_;L

The integral has been approximately evaluated for K/h = 1.18, which i _!
is about the value required to give zero blockage. For this case

(V : - LZo.o84 : -o.o134--/-:-_
slotted "_h2V _h2U _,, Iii

x=O • _,i i!!
y=O i!!. ,

which is slightly more than lO percent of that in open tunnel and o_i

opposite sign and slightly more than 20 pe#cent in absolute value o_!i

that in closed tunnel. For the open jet, K = I/R = O, the upwash ilS

p i m e-qcosh(_)sin(_)d_" ii;

/H

which is evidently zero at the position of the model, x = y : O.

the center line, y = 0, far upstream, x-->-_, the upwash becomes

L

7
5



p _ qe-q p

2_h2 sigh(q) _h
y=0 q -, 0

x-,-_

Relative to conditions far upstream, therefore, a downw sh __F exists at
..... _h

the model : This result agrees with that given on page 46 of reference 2,

when it is remembered that the h used there is twice that .used in this

development' and that kL = P/cV.

The curvature at x = 0, y = 0 is

(1T _r_ _ -_ e -q -_r

_-- open 2_h2U sinh(q)q dq = 24_h 2UV /
i, x=O

y=O

(18)

which for _ = i agrees with the value given on page 44 of reference 2.

L

7

Two-Dimensional Source

For a two-dimensional source in unrestricted subsonic flow the

potential is

= b loge Jx _ + _2
_i 2_-_

(19)

where b is the source strength. Substitution of this relation for

into equation (gb) of reference 6 for the upper wall condition gives

= -bE x K ' 2p2xy

Instead of equation (ikb) of reference 6 is

+
/

R x2 + 132z2.Jy=h

vii



,. t

m

R _y=h

_ 4_2_b(i_g-_e-_Igl Iglh - iK_ge-_ Iglh
+ __e-PIgl h

R

The solution

G* = A(g)cosh(Sgy)

given in equation (19) of reference 6 is appropriate for the present

development, whence

A(g) = b._b__e'8'gih [(I-_gl - KSg)(cos_(_gY) + KSg sinh(_gh)) - (_)2sinh(Sgh)]

2X_ g _osh(Sgh) + KSg sinh(_gh)__2 + [_ sinh(_gh)_ 2

i__b_be -_'g'h [__ _ sinh(_gh)+ _(cosh (_gh)+ KSg sinh(_gh))l . (21)

4_ .g _osh(_gh) + K_g sinh(_gh)J2 + IR_ sinh(_gh)] 2

..... !i

Useof equation(21)in e_u_tion(2O)and of (20)in equation(1)b)
of reference 6 yields, with q = _gh _i

1ob_ g Inh(q)
_p R

Ill- Kh'_>(c°sh([:)osh(_)I :inh(q)>- (_/2siilh(cl e -qco s h ("_ c° s ( -S_'x_
• Kh-q sinh_q)_ 2 + [_ sinh(q).] 2 i!

i
f

it
f_+ cos..(q) + _ sinh(q)]e'qcosh(_.)sin(_q q

_osh(q) + K_h sinh(q)_ 2 * [R_sinh(q_ 2

b

i "

_ '
i

i

_':' !' _fl_ ,i:

it !,t<

7 ._ ,iJ_ t; !



The" interference velocity is

2

2_p2hR Ecosh(q)+ . ' 2 ' 2

(23)

The velocity gradient in the x-direction at the position of the

model, x = 0, y = 0 is'

2_ [cosh(q) + _ sinh(q)_ 2

-(_)2sinh(ql e-qq dq

+
(24)

For the closed tunnel, 1/R-_ the velocity interference at the

position of the model, x = 0, y = 0,.is given by equatio n (23) as zero.

Far upstream, however, x-->-_ the velocity interference

-q
-b _qe = -____b

U*closed-_ llm
y= 0 2_'82h q@0 2 sinh q 4'82h

(25)

which for '8--_1 agrees with the usual result. That is, the flow at the

model has a velocity interference b/4'82h relative-to the flow far

upstream. The velocity gradient at the model is, from (24)

_0 _

ohm'; _ ,,. b e "q b _2

2_,B 5h2 12 24_8-5h2

(26)

ix



For the ideal porous wall,

u*
porous

K=0

I 2 q) e-qcosh _- sin qx dq

°
_ 2hR [cosh(q)] 2 + [_ slnh(q)] 2

(27)

At the model position equation (27) becomes

u* _ b _ . . dq

porousx=0y=0 2_'_2hR '>Ec°sh(q)_2 [_+ sinh(q )]2

=_ bZ

4_62h
(28)

where k = c0s "I

_ 21 is to be taken positive. The interference

velocity far upstream is zero, so that (28)gives the total contribu-

tion. The gradient in the porous tunnel at the position of the model
is from (24)

l_*_lporous =-b _0_ _°sh(q) - (R_)2slnh(q)_e-qq dq

y--O
<

i

(29)

X
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The integral in equation (29) is the same as that in equation (22)

of reference 6_and t_e_gradient due to wake blockage will therefore be
zero for the same valu_ of _R as will the solid blockage be zero.

For the ideal slotted tunnel, I_R = O, the interference velocity

is zero both at the model and far upstreami The gradient becomes

slotted 2_3h 2 cosh(q) + K_qqsinh(q)
ii x=O h

y=O

The integral in equation i30) is the same as tha_ in equation (23) of

reference 6, so that the gradient is zero for the same value of K/h

is the solid blockage zero.

as

For the open tunnel K = fiR = 0 the interference velocity u* is

again zero both at the model and far upstream. The velocity gradient at

the model, x • O, y = 0 is from (24)

!i
'i
L

!

°3(_) _ -b e-qq, dq_.,_
open 2_ B3h2 cosh(q)
x--O
y--O

-_b (31)

Three-Dimensional Point Source in Circular Tunnel

The potential of the point source in unrestricted flow is

/....

-b (32)
@i =

where b is the source strength and r is the cylindrical radial coordi-

nate perpendicular to the x axis. Instead of equation (33) of refer-
ence 6 is

xi
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-b elgX dx = -b-z._._o(13rlgl) (33)

The next equation of reference 6 becomes

A(g)[-igIo(IBgro)- igK_gIl(_gro)+ R_gIl(_gro)_

=4:_[_o(_o1_1) - _e,-_i_i)_(_rol_l)+_(-_1_1)_(_-oi_l_

where I0, I1, K0_ and K1 are mo4ified Bessel functions of the first

and second kind, respectively. Solution for A(g) gives, with q = _rog

fL 't
,_,_,_,>_o<_>+_o<,_,>_o_,+_o_,_,>_,_>-r_,_,_+,_,_<_<,_,>_

___ o t .o _</

°.

- Ko(q)I (q) \

4_2R[[I0(q) + _Ii(q)]2+ [R_Ii(q)]2

On taking the inverse transform of G*

to equation (34) of reference 6 iS

Is0_ 2b ooAT_,(_costqx _dq- _ c Otro7 t_roS J (34)4:2_ro C _\ro] t_ro] R _0: BI /qrhsintqX hdql

)

where "

(__ _) (_)_o(_)+Ko(_)_o(_)+A '_oo' = 1

(q2K2 Kl(q)Tl(q
_O o(q)Ii(q) - _ ro2 +

the equation corresponding

xii
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-b eigX dx = -b--__o(_rlgl) (33)

The next equation of reference 6 becomes

A(g)I-igIo(_.gro)- igKBgIl(Bgro)+ _gIl(_gro) _

where Io, Il_ KO_ and K 1 are mo_ifled Bessel functions of the first

and second kind, respectively. Solution for A(g) gives, with q = grog

A(g) --_ , K '" 2 2 +

J

On taking the inverse transform of G*

to equation (34) of reference 6 iS

¢i_0_ _ Z_ Bl_qr_sin(qX 'dql (34)_,,_. = 4_2_ro2b , Ain(qr _cos(_o)dqo_\ro/ -R C _\ro/ _Br O) J

the equation corresponding

where

r° 2

xii



B(q) = l(q)I0 (q) +K0(q 1 =

The axial interference velocity is

I_O O0 """ .

-b AI^ (q-_-r_Sin(qx-_-_q dq

2_2_2ro2 C U\ro] \_roJ

and the gradient in the axial direction

2_2_3ro 5 C U\ro] kgro] R C

At the position of the source, x = r = 0

gradient bec0me,respectively

U'x= 0 =

r=0
OO

-b _ d__q

2_2_2ro 2 R C

the velocity and velocity

(57)

and

Z3u* = -b A_a2dq

x=O 2_2_5ro3
C _

r=0

(38)

The integral in equation (58) is the same as that in equation (37)

of reference 6, which applies for the velocity interference in the
presence of a doublet. It follows that if the velocity interference at

the model due to solid blockage is zero the velocity gradient at the
3

model due towake blockage is also zero.
4
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_ In the closed tunnel, I/R-)_, equation (37) gives zero velocity
interference at the position of the source. Howeverequation (3_) shows
that far upstream, x-_-_, the interference velocity becomes

u*closed
_0 ¸00

lim b Kl(q)ll(q) sin[qX Bdq

x-)-_ _2;%02 E(Ii(q))]2 q _kl3roJ

-b

2_.2ro2

At the position of the source therefore an interference velocity +b

_2ro2

occurs, as is o_sily derived from continulty conP_ao_tibns.

For the ideal porouo wall, K = O, _IAe interference far upqtream is

z_o, but at the position of the source equation (37) yields

porous
r=O
x_

-b & dq

2_2_2ro2R _o(q)_2 + [_Il(q)] 2

(39)

This equation can be evaluated for appropriate values of _IR.

In the ideal slotted tunnel, 1/R = 0:_ and in the open tunnel,

1/R = K = O, the velocity interference is easily shown to be zero both
at the source and far upstream.
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